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In the excellent papers dealing with the electrification
of railways that have been recently presented before the
Institution, notably those by Messrs. Roger T. Smith* and
H. W. Firth,f the subject is dealt with largely from the
standpoint of the railway man, and much food for thought
is presented for the manufacturers and designers of elec-
tric railway equipment. The problem is stated in no
uncertain terms, and it is made perfectly clear that the
electrical engineer must present a satisfactory solution of
the problem before electrification can extend far beyond
the suburbs of the large cities. The difficulties involved
in handling the peak loads during the rush hours are care-
fully dealt with and the desirable characteristics of motive
power are discussed. It would be presumption on the
part of the present author to discuss what is purely a
transportation matter, the question of handling trains in
Great Britain where the conditions are so different from
those in America, so that this paper will deal chiefly with
the characteristics and possibilities of the continuous-
current motor for handling trains in the most economical
and satisfactory manner, not only on one line but for
interchanging equipments on lines where different con-
ditions prevail.

THE SERIES MOTOR.

It is only about 30 years since the electric motor was
first used in real commercial railway service. Many
experiments were made prior to that time, but it is a
noteworthy fact that the electric railway motor did not
become commercial until the first continuous-current
series-wound motor was built and geared directly to the
car axle. After that event the progress of electric railways
was by leaps and bounds. Electrification was of course
confined for some years to tramways, or street railways as
they are usually termed in America, but gradually it ex-
tended into fields of heavier duty such as elevated and
underground railways, and in a few cases to locomotives.

• Journal I.E.E., vol. 52, p. 293, 1914.
f Ibid., vol. 52, p. 609, 1914.
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The invention of the multiple-unit control system gave a
great impetus to its growth, especially in heavy city and
suburban train service, and now electric motors have been
applied to a greater or less extent to practically all classes
of railway service.

A great many changes have been made in the con-
tinuous-current motor in the last 25 years. As might
have been expected, the requirements of a motor for
railway service were at first but little understood ; in fact,
few electric motors were used for any purpose and they
were a mystery to most engineers. In the first motors the
insulation was poor, the mechanical design was worse, and
the commutation so bad that the copper in the commuta-
tors was gradually transferred to the pavement beneath
the cars. Of course, such a condition did not long obtain,
and the improvement has been both rapid and continuous
from that day to this, when the up-to-date, continuous-
current, commutating-pole, self-ventilated, and oil-lubri-
cated railway motor leaves little to be desired, either
electrically or mechanically.

Motors have been designed and built in all sizes and
shapes, and the design is now so thoroughly understood
that the performance under any operating conditions can
be very accurately predetermined ; but while the design
of the motor has been revolutionized and perfected, the
principles involved that led to the selection of the series
motor are the same as they were 25 years ago when the
advantages of the steep speed and torque curves were first
seen by some of the designers. These characteristics have
proved to be admirably adapted not only to tramways and
heavy multiple-unit trains in frequent stopping service,
but to the requirements of locomotives for long-haul,
passenger and freight service.

The series motor has been so successful and has shown
itself to be so superior to all other types of railway motors,
that it is now used almost universally for tramways, street
and interurban or radial railways, underground and ele-
vated lines, and for the electrification of the terminal and
suburban lines of steam railways. The motor is deservedly
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popular, and is so firmly established that it will be difficult
ever to displace it as long as electricity continues to be the
motive power, even though it were possible to bring for-
ward a type of motor with some superior features. In
addition to giving the most efficient performance, it is well
known that the steep speed curve makes the series motor
more nearly "fool proof," and therefore more reliable and
cheaper to maintain than any other continuous-current
type, whether it be shunt, compound wound, or separately
excited. It introduces a degree of elasticity in the motor
that enables it to withstand the severe service of rapidly
accelerating heavy trains and developing overload torques
that would be impossible in any other type of motor. It
also gives the best commutation and is least subject to
injury resulting from the fluctuating line voltages that are
common to all electric railways. It is well known that a
shunt or compound motor is very sensitive in commutation
to sudden changes in voltage, and that practically every
attempt to use such motors in railway service has come to
grief. The field of such a motor is so much more sluggish
than that of the series motor that flashing is almost inevit-
able where sudden changes of voltage take place on lines
of heavy capacity. It is a matter of record that voltages
of more than three times the normal have been reached on
heavy-capacity third-rail lines due to surges following the
opening of heavy loads or short-circuits, and that even
series motors must be well designed to escape flashing in
such cases.

While a variable-speed shunt motor possesses certain
theoretical advantages in improving the efficiency of
operation if it could be made as reliable, practically the
motor is heavier and more expensive, due to the heavy fine-
wire shunt coils which would also be liable to be a
continual source of trouble. Moreover, no greater speed
variation is possible with it than with the series motor,
because this depends on the armature and the allowable
ratio between the field and armature ampere-turns
necessary to secure stability.

SERIES-MOTOR CHARACTERISTICS.

To begin with, it may be as well to explain that the
series motor as generally used has not the most efficient
characteristics. It is the series motor in its simplest form
that is now used most extensively. As a rule the field
becomes saturated at a current corresponding to about the
i-hour rating. This is the result of the effort on the part
of the designers to secure the maximum output for i-hour
rating with the minimum weight of material. Most of the
early designers of railway motors secured a certain amount
of speed control by varying the effective turns on the field.
This was the only way they had to obtain a variation in
speed, as the series-parallel control did not appear until
the early nineties; but after that was introduced, the control
of the field was abandoned, partly to simplify the equip-
ment and partly because of the grave troubles from
commutation and overload which were introduced by
running on the weak field. Thanks to the great progress
that has been made in motor design, notably in the develop-
ment of the commutating pole and in the ability to pre-
determine the work demanded of the motor for any
class of service, these objections no longer obtain and
field control is once more being employed where the

service conditions justify its use. While field control will
give the greatest economy in accelerating, its introduction
has again called attention to the advantages of the motor
with the steep speed curve and the unsaturated field.

Fig. i shows corresponding speed and torque curves for
two motors—one with saturated and the other with un-
saturated magnetic circuits. It will be seen that the speed
curves cross at approximately 42 miles per hour (m.p.h.),
but at the i-hour rating of the motor, which is practically
350 amperes, the speed of the saturated motor is 37 m.p.h.,
while the other runs at 33 m.p.h. Stating it in another way,
the tractive effort of 2,500 lb. which is developed by the
saturated motor at its full load of 350 amperes, would be
developed by the unsaturated motor with a current of
about 320 amperes. For frequent stopping service it will
be seen at once that the unsaturated motor will operate
more efficiently since it accelerates with so much less
current. The difference is still more pronounced on over-
loads. This also brings out the fact that the heating
current, or the root-mean-square current as it is commonly
known, will be very materially decreased in the unsaturated
motor for a given service and, consequently, an unsaturated
motor of a given rating will have a greater service capacity ;
or, with equal margin for a given service, an unsaturated
motor will require a smaller rating than a saturated motor
compared on either the i-hour or continuous basis. If this
point were thoroughly borne in mind, the manufacturer of
the unsaturated motor would not be penalized on account
of small rating, or on account of greater weight with equal
ratings, and the railway company would operate with
greater efficiency.

Fig. 2 brings this out very clearly in terms which cannot
be misunderstood. It shows in one curve the rheostatic
losses in accelerating one ton at a specified rate by means of
series-parallel control, and certain motor efficiencies. This
curve shows that the rheostatic losses vary directly as the
square of the speed at which the last resistance is cut out of
the motor circuit, or at which the motor curve at full
voltage is reached. Referring to Fig. 1, if the load were
accelerated at a tractive effort of 3,300 lb., the motor curve
on the saturated motor would be reached at a speed of
35 m.p.h., while the unsaturated motor would reach the
motor curve with the same tractive effort with about
10 per cent less current and at a speed of 31*5 m.p.h.
Referring to Fig. 2, it will be seen that the rheostatic losses
in the one case would be 22*2 watt-hours per ton, and in
the other 18 watt-hours per ton, i.e. a saving of 4:2 watt-
hours per ton for each acceleration. Of course a motor
geared for such a high speed as this would not make more
than 1 or i j stops per mile, but in any case there would
be a certain definite saving for every acceleration that
the motors are required to make.

FIELD CONTROL.

The use of field control still further improves the
efficiency of acceleration, and offers, where desirable,
additional operating speeds. This was first applied in
recent years to the alternating-current-continuous-current
locomotives installed on the New York, New Haven, and
Hartford Railroad to provide some speed control on the
continuous-current zone of operation. The motors were
operated on the single-phase lines with two halves of the
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field in parallel ; on the continuous-current lines the coils
were all in series and the field was shunted in order
to obtain higher speeds. The first large installation
with purely continuous-current locomotives was on the
Pennsylvania, New York, and Long Island Railroad, for
the New York terminal of the Pennsylvania Railroad.
These locomotives have been described on numerous
occasions, but they are mentioned again simply to show
the extent to which field control can be safely carried
to secure efficient operation and wide range of speed
under favourable conditions.

Fig. 3 shows the curve of the motor for this locomotive,
which it will be remembered lias only two motors. The
usual series-parallel connections combined with field

in those comparisons, owing to insufficient information on
the subject, and he believes that if a continuous-current
locomotive with the range of speed at constant output
which is given by the Pennsylvania locomotive were
applied to a given load condition, it would prove to be
better adapted to the service than any steam locomotive,
notwithstanding the very great improvements that have
been made in steam locomotives in recent years. The
Pennsylvania locomotive curves, for instance, show that it
will develop an output of 1,200 h.p. at any speed between
42 and 76 m.p.h. It will develop 1,600 h.p. over a range of
speed from 36 to 60 m.p.h., or 2,000 h.p. between 32 and
52 m.p.h. ; it will develop 3,000 h.p. over a range from 27
to 41 m.p.h., or 4,000 h.p. from 25 to 35 m.p.h.
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KIG. 1.—Comparison of characteristic curves of saturated and unsaturated field motors, 200 h.pv 600 volts.

control give four speed curves. These curves simply
show the maximum range of speed at which the motor is
designed to operate at normal and half voltages, but there
are two intermediate speed curves on each voltage which
may be used if desired between the full field and the
normal field position.

There have been criticisms of electric locomotives in
comparison with steam in several papers, notably that by
Mr. Roger T. Smith mentioned above, and one by Mr.
E. H. McHenry before the International Engineering
Congress in San Francisco, September 1915. The author
feels that the electric locomotive scarcely received justice

If locomotives are to be compared simply on the basis of
the continuous or the i-hour rating, comparisons are likely
to be misleading. The speed control shown on the curves
for the Pennsylvania locomotives is quite within the range
of possibility for well-designed continuous-current loco-
motives, and while it is admitted that the electric loco-
motive does not entirely meet the speed-torque character-
istic of the steam locomotive which seems to be so desirable
for express service, the author believes there are few cases
where this is necessary over the wide range of speed for
any considerable length of time. In cases where a heavy
tractive effort is required for short periods of time, the
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FIG. 2.—Analysis of power consumption in straight-line acceleration.
Data:—Weight 1 ton (2,2401b.)

Acceleration 1 m.p.h. per sec.
Total Tractive Effort 121 lb.
Train Resistance 11 lb.
Allowance for Rotating Inertia ... 7-5 per cent
Control Series-paiallel
Motor Efficiency at Normal Voltage 88 per cent
Voltage-drop in Motor 5 per cent
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electric locomotive has the enormous superiority of being
able to handle the load at a higher speed.

As touching on the economy secured by field control
with a locomotive such as the Pennsylvania, it is obvious
that the rheostatic losses will be so small as to be of very
little importance, as combinations of control giving series,
series-parallel, and parallel control with variations in field
strength are adopted. One example from the Pennsylvania
locomotive curve will show the reduction in rheostatic
losses that is made by the use of field control in parallel
only. Assuming that the locomotive for normal operation
must have the speed curve as shown by the normal field,
that it is accelerated at the tractive effort of 40,000 lb., the
motor curve would be reached at a speed of 36 m.p.h.
without field control, or a speed of 27J m.p.h. with the
same tractive effort and field control. According to Fig. 2
the rheostatic loss would be 24 watt-hours per ton in the
one case and I3'8 in the other. If the field control were
also utilized in series the locomotive would be accelerated
from a speed of 13*5 to 18 m.p.h. without resistance in the
circuit, and a further reduction of nearly 3*5 watt-hours
per ton-mile would be made.

Ordinarily it may be assumed as certain that when
maximum use is made of a field-control equipment it will
reduce the rheostatic losses to not more than one-half of
what they would be with the usual series-parallel arrange-
ment. The total saving per ton-mile will of course depend
on the number of accelerations made.

In general, if it is desired to reduce the power con-
sumption to a minimum, the unsaturated motor having a
steep speed curve is to be recommended either with or
without field control wherever the service requires fre-
quent acceleration or very heavy grades are encountered.
The saturated-field motor or the one having the flat speed
curve is to be recommended for use only where it is
desirable to obtain a more nearly constant speed over long
runs, regardless of variations in grades and trailing loads,
and reduces the chances of mechanical damage by limiting
the speed. Such a curve entails much greater fluctuations
in load on the motors, reduces their overload capacity, and
also increases the fluctuations on the line and sub-stations.
It is a mistake to think that the field-control motor is going
to be materially heavier for a given service than the
simpler form of series motor. It may have a lower rating
for a given weight of motor, but in a class of service where
the duty is confined to accelerating work, as is commonly
the case in city and suburban lines, the R.M.S. current
demanded of the motor with field control will be less and
therefore the motor will be very little heavier than a plain
series motor.

REGENERATIVE CONTROL.

A great deal has been written and spoken in regard to
the possible savings that can be effected by regenerating
the power that is stored in a moving train during the stop-
ping period, and also of saving the energy developed by
the train in descending grades. Many attempts to regene-
rate have been made by utilizing shunt motors, but as a
matter of fact such systems have thus far, for one reason
or another, proved to be unsatisfactory. The problem
will never be given up as long as there is a possibility of
saving any considerable portion of the power which is
now expended in wearing out brake-shoes and wheel

tyres. It is well known that 50 per cent of the total
power taken from the line is expended in this way on a
great many lines, so that it is a matter of great importance.

The scheme adopted long ago on the Central London
Railway, of" saving this energy by elevating the station
tracks, is one that can be tried in special cases with excel-
lent results. It has one great advantage over any scheme
of electrical- regeneration in that it adds nothing to the
equipment and makes the work easier, so that smaller
motors may be used. However, it has its limitations as
shown on the curve in Fig. 4, which gives the height to
which a train must be raised in order to save all of the
stored energy. (This curve and Fig. 5 which follows have
been given before by the author, but are particularly perti-
nent to this paper.) It will be seen from Fig. 4 that a train
operating at 30 m.p.h. would stop without brakes if allowed
to climb to a height of 30 ft. A 14-ft. elevation would be
required to absorb all of the energy in a train moving at
20 m.p.h. Of course it would not be feasible to save all of
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FIG. 4.—Track elevation required to bring a train to rest.

the stored energy, nor in fact would it be feasible to save
any large part of it on a line having long trains and a high
schedule speed. That it is possible to make very con-
siderable savings, however, is shown not only on the
Central London Railway but on the South Side Line of
the Chicago Elevated Railway. Such a plan as this for
saving power is not practical for the large majority of
railways, so that some other scheme must be adopted, but
it may be noted that any scheme of electrical regeneration
may be supplemented by the elevated station tracks.

As a matter of fact such a scheme is already pretty well
developed and it is hoped that it will soon be in com-
mercial operation. It involves the use of the standard
series motor, with separate excitation during regenerative
periods. The control may be entirely automatic from the
time it is applied until the lowest speed is reached at
which the motors when connected in series can develop
the line voltage. At the same time it can be stopped
at any desired speed. The regeneration at high speed
is with the motors connected in parallel, and the change
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from parallel to series is effected by a bridging method
especially adapted to this purpose. There is no break in
the retardation of the train from the maximum speed until
it conies to a standstill; for the control is so arranged that
the air brakes may be applied as soon as the minimum
regenerating speed is reached. The use of the standard
series motor in this connection is of the greatest import-
ance, and it is also noteworthy that the motor designed for
field control also assists in securing the maximum saving
of energy owing to the fact that the regeneration can be
carried to a lower speed.

It is usual practice in equipments for heavy multiple-
unit service for city and suburban traffic to have the
motors geared for a speed of about 15 to 18 m.p.h. at the
i-hour rating of the motors. Such an equipment will retard
the train by regeneration down to a speed of 8 to 10 m.p.h.
Fig. 5 is plotted so as to show the possible saving that can
be effected by regenerating down to a speed of 10 m.p.h.
The top curve shows the amount of energy that is stored
in the car. From that is deducted the amount left in the
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FIG. 5.—Analysis of power regeneration, regenerating to
10 miles per hour.

car at a speed of 10 m.p.h. The next curve deducts the
amount that is required to overcome train resistance at a
specified rate of braking down to 10 m.p.h. From this
curve is deducted the amount of power that is lost in the
equipment during regeneration. In this case the efficiency
of regeneration is assumed to be 80 per cent, which allows
for a considerable loss in the auxiliaries. The lowest curve
shows the energy in watt-hours per ton that should be
restored to the line under the specified conditions from any
speed under 50 m.p.h. down to 10 m.p.h. Owing to the fact
that the equipment required to permit regeneration adds
somewhat to the weight of the car, the net saving in
power will be somewhat less than that shown. A single
example will suffice to show what may be expected from
this system. At a speed of 25 m.p.h. the amount of
stored energy is 19 watt-hours per ton. The curve
indicates that not less than 12 watt-hours per ton will
be restored to the line. The additional weight of the
equipment may bring the net saving down to 10 watt-
hours per ton with the size of equipments on which these

curves are based. Smaller and less efficient equipments
might reduce the saving to a still lower value, but it
is probable that in any case at least 45 per cent of the
stored energy can be returned to the line. If this stored
energy amounts to 50 per cent of the power taken from
the line, the net reduction in power consumption should
be more than 20 per cent.

Owing to the fact that none of these equipments is yet
in commercial service, it is impossible for a further
description of the method adopted to be given at this
time. It can be stated, however, that it is quite practi-
cable to apply it not only for the automatic retardation,
as described above, but for use in controlling locomotives
in descending grades. Perfect hand control can be
obtained, together with a variation in speed which makes
the equipment even more desirable than the automatic
regeneration of the 3-phase induction motor.

From the foregoing it will be seen that the desirable
economies in the use of electric power in operating
railways, which were mentioned in Mr. Mordey's remarks
on Mr. Roger T. Smith's paper,- are possibly nearer to
a realization than he anticipated at the time he spoke.
It has already been explained that it is possible to secure
with continuous-current motors a very flexible system of
speed control which will fit an equipment to perform
satisfactorily in several different classes of service.

LINE VOLTAGE.

During the 30 years covering the development of
electric railways, the question of line voltage has always
been uppermost. The voltage adopted for the first
successful line was approximately 450. This was higher
than the insulation of the motors could stand without very
frequent breakdowns. So desirable was it, however, to
have a higher voltage on the line, that it has been con-
tinually pushed higher and higher, and always, until the
last few years, being about as high as the motors could
stand. By successive steps the line voltage has been raised
until the standard for most tramways and suburban lines
is now 600 volts. This seems to be the economical limit
for small equipments such as tramway motors, and to have
many advantages for heavy suburban work. If only the
motor and control equipments were to be considered,
600 volts would probably continue to be the standard, not
only for suburban and terminal electrifications, but for all
classes of service. It is well known, however, that the
tendency to adopt higher voltages on account of the
economy of transmission and the necessity in some cases
for using the overhead contact wire for heavy service, has
been increasing at a very rapid rate, and in the United
States a voltage of 1,200 to 1,500 has become the standard
for interurban railways, whilst pressures of 2,400 and 3,000
volts are also being used in one or two instances. A
continuous-current voltage of 5,000 has also been in use
on an experimental equipment of the Michigan United
Traction Company for the past seven or eight months.
In England 1,200 and 1,500-volt lines are now in opera-
tion, and a 3,500-volt experimental equipment has been
in use for several years on the Lancashire and York-
shire Railway. In other parts of the world, voltages of
750, 800, and 1,000 are also in use. The tendency among

• Journal I.E.E., vol. 52, p. 371, 1914.
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the railways centering in London seems to be to adopt the
6oo-volt third-rail system. This is used interchangeably
on the Metropolitan District, the London and North-
Western, and the London and South-Western Railways.
The 1,500-volt line is on the North-Eastern Railway,
where it is used for the haulage of mineral trains, the
locomotives taking current from two overhead wires in
parallel. The 1,200-volt line which is about to begin
operation on the Manchester end of the'Lancashire and
Yorkshire Railway is used in connection with a new type
of third rail, the contact surface of which is located on the
side of the rail farthest from the running rail.

In view of the possibility of still higher voltages and
other contact systems being introduced in Great Britain,
the question of interchangeability of equipments has
become very prominent. The present great war has shown
the necessity for this more powerfully than any argument
in mere words could possibly do. It is certain that to
secure a maximum efficiency out of the transportation
systems of the country in time of war, any equipment
should be able to operate satisfactorily on any line. On
the other hand, if each railway were to stand by itself
there would probably be within a few years railways
operating with practically all the voltages from 600 to the
maximum. This would be due in part to local conditions
and partly to the variations in the opinions of the engineers
in charge. There would also be a great number of contact
devices and of conductors located at various distances
from the running rail.

Two conditions of prime importance are necessary to
enable equipments to operate interchangeably over dif-
ferent lines, namely :

(1) The contact conductors must be so arranged that
any equipment can take power from any line without
change.

(2) Every equipment must be so designed as to operate
at required speeds over the various voltages of the different
lines.

It seems especially pertinent to the occasion that every-
one should have a full knowledge of the possibilities and
the difficulties of interchanging continuous-current equip-
ments over lines having several different voltages. It is the
purpose of the author to discuss briefly the possibilities
and to show the complications that are introduced. The
subject may be divided into four topics :

(1) The contact and collector system.
(2) The motor.
(3) The control.
(4) The auxiliary power equipment.

(1) CONTACT AND COLLECTOR SYSTEM.

This subject will be considered first because before any
interchange of equipments is possible it is necessary to
standardize the contact system so that, as stated above,
a car or locomotive from one line can collect current
from a contact rail or trolley on any other line.

The usual contact system for all lines in Great Britain
using a pressure of 800 volts or less, except tramways,
consists of some form of contact rail or rails mounted
either outside of the running rails or between them. The
oldes and most frequently seen is a top contact or over-
running type of rail. A new form of rail having the side

contact has been introduced on the Lancashire and York-
shire Railway, the latter for use on 1,200 volts. In some
cases, as in the London Underground Railways, a return
conductor is also used. There will probably be no diffi-
culty in locating the return rail so that the same collector
can operate on any of them. It is also possible where the
contact surfaces are properly located to have a single
contact-shoe satisfactory for collecting current from either
the under-running or the over-running type of rail. Such
interchangeability is possible between the Pennsylvania
over-running rail and the New York Central under-running
rail at New York.

Where it is necessary to have the rails located at
different distances outside of the running rail or at different
heights, it becomes necessary to adopt a collector shoe
which can be shifted easily and quickly so as to accommo-
date it to different conditions. For multiple-unit service
this would have to be done from the motorman's com-
partment, preferably by the use of compressed air electro-
magnetically controlled. There are several instances
where equipments operate interchangeably on the third
rail and the overhead trolley system, and where the contact
shoes are under such control that when the car leaves the
third-rail zone the shoes are lifted out of the way and
disconnected from the live conductors. There is no
reason to suppose that it would be impossible to shift
the shoes in other directions in order to make contact
with rails located at different places, provided that the
distance were not too great to be covered. However,
such things should be avoided if in any way possible. The
author can see no possibility for interchanging equipments
between the top and bottom contact rails and the side
contact such as used on the Lancashire and Yorkshire
Railway.

The same statements hold true in regard to overhead
conductors. The problem there is much simpler, because
it seems to be the universal practice to locate the overhead
conductor above the centre line of the track and to keep
its height between certain definite limits which must in all
cases clear the rolling-stock. In this case it is more a
question of adopting the proper kind of contact shoe
which, while being subject to many variations, is also
subject to many solutions. It should be possible to adopt
a collector which will operate satisfactorily on any over-
head line. It is sometimes necessary to have both a panto-
graph and a wheel trolley on interurban cars in the United
States where the cars operate over high-voltage lines
between cities and over the standard 600-volt lines in
towns, but such complications are undesirable and should
be avoided.

(2) MOTORS.

It is generally well understood by all who are acquainted
with electrical apparatus that a continuous-current armature
has practically the same current capacity regardless of the
voltage applied to its terminals, the latter being limited
to a certain maximum as determined by commutation
characteristics and speed. It is understood that increasing
the voltage for a given current also increases the core loss,
but this is largely compensated for by an increased speed
which gives greater ventilation. This is especially true
with the late types of self-ventilating motors. It may
therefore be assumed as correct within a very few per cent
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that the horse-power or kilowatt rating of a motor is pro-
portional to the voltage applied to its armature terminals.
It follows, therefore, that the normal capacity can be
secured only by maintaining the normal rated voltage on
the armature terminals. This, then, is the basis on which
any proposition that involves interchanging equipments on
different voltages must stand. It will be seen at once that
the most advantageous results may be secured if the
various line voltages are multiples of the rated voltage of
the individual armatures, so that they may be connected in
various combinations depending on the line voltage. To
obtain the rated output from an equipment of motors
operating on multiple voltages, it is necessary to manipulate
the control circuits so that each armature will always
receive the same running voltage regardless of the line
voltage.

As 600 volts is recognized as the standard voltage for
most city and suburban railways, the natural or desirable
higher voltages adopted or proposed are usually 1,200,
2,400, 3,600, and 4,800. As most of the so-called 1,200-volt
lines operate with a sub-station voltage of 1,300 to 1,350
volts, practically the same equipments can be used on the
1,500-volt lines, which offers from the sub-station and line-
loss standpoint a considerable advantage over the nominal
1,200 volts. A voltage of 1,500 has been adopted in several
notable instances and bids fair to have a considerably
wider field of usefulness for interurban and light-railway
service. Taken by itself it is a very desirable voltage, as
it is about the maximum on which the motors and control
equipment of the form usually adopted on the 600-volt line
can be used without considerable increase in the cost. A
voltage of 1,500 is therefore very satisfactory from the
equipment standpoint. It is not, however, usually con-
sidered to be high enough for trunk-line service, as it
entails very heavy expenditures for line copper and for
sub-stations, and makes the collection of heavy powers
difficult. It is also at a disadvantage when it becomes
necessary to interchange 1,500-volt equipments over 1,200-
and 600-volt lines.

Fig. 6 shows the speed curves that will be secured on a
motor designed for a normal voltage of 1,500 when operated
at lower voltages. With a current of 150 amperes, giving
a tractive effort of 4,500 lb., the speeds are 22^, 17-6, 107,
and 8*4 m.p.h. respectively at 1,500, 1,200, 750, and 600
volts.

To consider the matter of interchangeability in specific
instances the following examples are cited :

(a) Assume that the equipment is required to operate
over a 600-volt line at full speed. The armatures must
then be wound for 600 volts. It is also required to operate
over 1,200-, 1,500-, and 2,400-volt circuits. It will be seen at
once that if series-parallel control is to be obtained at the
high voltage, there must be two sets of motors, each set
having four armatures connected in series, or a total of
eight armatures. If these armatures are connected two in
series on 1,200 volts, full speed may be secured. On 1,500
volts, however, it would be necessary to have the motors
connected four in series, or to take a chance on raising the
normal voltage on each armature to 750 volts. This would
in some instances be possible as regards commutation, but
would give 25 per cent higher speed.

Operating on 1,500 volts wirh four armatures in series, as
with 2,400 volts, the speed and kilowatt capacity would

only be 625 per cent of the normal, while on the other
three voltages of 600, 1,200, and 2,400 it would be normal.

(b) If equipments are required to operate over these
same voltages, but it is found that half speed on 600 volts
is sufficient, as would be frequently the case, the arma-
tures would be wound for 1,200 volts and full speed would
be secured with series-parallel control on 2,400 and 1,200
volts, and 62^5 per cent of normal speed on 1,500 volts, or
the risk might be taken of running the 1,200-volt motor on
1,500 volts. In this case only four armatures are needed
for the equipment.

(c) If it is required to operate at a maximum voltage of
3,000 and also at 2,400, 1,500, 1,200, and 600, it would be
desirable to have at least four armatures in series on the
higher voltage. These would be wound for 750 volts.

50 ioo 150 200 250 300 350
Amperes

FIG. 6.—250-h.p. (lSj^-kw.) railway motor, normal
voltage 1,500.

The speeds for the different line voltages, then, with
combinations of four in series, two in series, and all in
parallel, with armatures wound for 750 volts, would
give full output at 3,000 and 1,500 volts, and 80 per cent
of the normal speed and output at 2,400, 1,200, and
600 volts. If only four armatures were used it would be
desirable to connect them permanently in series on the
3,000-volt system. This would probably be the case
where equipments were designed primarily for operation
on the lower voltages.

(d) If 3,600 volts is the maximum with eight armatures
on the locomotive, all of the above-named lower voltages
may be covered and full speed and output will be obtained
only on 3,600 volts ; 83 J per cent of the normal rating and
speed would be secured at 3,000 and 1,500 volts, and 6 6 |
per cent at 2,400, 1,200, and 600 volts.
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(e) With 4,800 volts on the line and four motors con-
nected permanently in series at this voltage, full speed and
output can be obtained with 2,400 and 1,200 volts, and half
speed at 600 volts; the output and speed at 3,000 and
1,500 volts will be 62̂ 5 per cent of normal.

The combinations which can be effected in this way are
endless, but the above will suffice to illustrate what may be
expected in bad cases. In this connection, as illustrating
what may be done to meet extraordinary conditions, may
be mentioned the 5,000-volt car equipment which is in
operation on the Grass Lake Line of the Michigan United
Traction Company at Jackson, Michigan, U.S.A. This car
is required to operate over about 10 miles of suburban line
with 5,000 volts on the trolley and also over two miles of
600-volt line in the City of Jackson. Series-parallel control
is used on the 5,000-volt line, and a balancing speed of
50 m.p.h. is normally reached. On 600 volts the four sets
of armatures are connected in parallel and a speed of 18 to
20 m.p.h. is reached by shunting the fields of the motors.
This speed is ample to make the schedule required in the
city limits ; and while the armatures are worked somewhat
harder than usual, on account of the low voltage at which
they have to develop their power, the equipment is
operating on this portion of the line so small a proportion
of the time that the motors can easily stand the service.

The author believes that this method of operation can be
followed successfully in a great many instances where
equipments designed for high-voltage service are required
to operate for short distances over low-voltage lines. It is
quite practicable to shunt the motor fields down to a very
low value in such cases, as there will be no danger of
flashing at the low voltages.

Another possibility of adapting 600-volt equipments
for temporary operation over 1,200-volt lines is to install
sufficient resistance in the equipments to operate the
motors connected permanently two in series with rheo-
static control. This would apply particularly to 2-motor
equipments. In such a case the motors would have to be
insulated for the higher voltage.

It is undesirable to equip cars with more than four
motors each, as the complication and cost would become
too great. With the locomotive, however, it is quite
practicable to operate with eight motors, as is shown by
the New York, New Haven, and Hartford geared loco-
motive which has eight motors connected in pairs to four
driving axles, and the New York Central locomotives of
the latest type which have eight motors each mounted on
a separate driving axle. It is possible, also, that the twin-
armature type of motor used on the 5,000-volt equipment
just mentioned may be made satisfactory for operating all
eight armatures in parallel on the lower voltages. Owing
to the peculiar conditions involved in the magnetic circuit,
however, it is not at all certain that they can be operated
satisfactorily in this manner. It could probably be done,
but it might be necessary to adjust the individual circuits
as was the case in the early days of street-car motors when
the field windings of the two motors were connected in
parallel and the armatures in parallel. This particular
form of connection was the cause of much grief from the
unbalancing which resulted due to differences in the
magnetic circuits, and provision had to be made for
changing the air-gap or otherwise adjusting the individual
motors so that they would divide their load properly.

As far as the motors themselves are concerned, there is
very little additional complication from the necessity of
interchangeability on different voltages. It simply requires
the use of more armatures and at a greater cost than would
otherwise be necessary. The motors, of course, would
have to be insulated for the highest voltage on which they
would be used. The complications introduced would be
mainly in the control system, which is the next subject to
be considered.

(3) CONTROL.

Figs. 7, 8, 9, and 10 show the control diagrams and
indicate to some extent the complications introduced by
the use of several voltages. Fig. 7 shows a scheme of
switches by which eight armatures may be operated, four
in series and two series in parallel, two in series and four
series in parallel, or all in parallel, corresponding to full
speed on 2,400, 1,200, and 600 volts, or full speed on 4,800,
2,400, 1,200 and half speed on 600 volts. There are shown
a total of 56 switches on this diagram, most of which would
have to be designed and insulated to handle the maximum
voltage. It indicates a comparatively complicated equip-
ment in spite of the fact that the diagram is made up in its
simplest form.

Fig. 8 shows the same number of motors arranged for
operation on two voltages when connected permanently
two in series. This reduces the number of switches
to 36.

Fig. 9 shows the same number of armatures arranged
for operation on a single high voltage. It is arranged for
bridging control with the fields connected always to the
earthed side of the motors and requires only 20 switches.

Fig. 10 shows the same number of motors arranged for
the shunting transition with only 13 switches.

These diagrams serve to indicate the rate at which
equipments are complicated by multiplying the number of
voltages and combinations. It is, of course, unnecessary
to use unit switches or contactors to effect all of these
combinations. They may, to a certain extent, be made by
means of cylindrical or drum-type change-over switches,
which are satisfactory in some cases for transferring
connections when the current is off. Such a scheme is
usually used for car equipments operating interchangeably
on 600 and 1,200 volts. This is shown on Fig. 11, which is
a standard arrangement for such an equipment. It will
be noted that the change-over switch changes both motors
and resistances from series to parallel or vice versa. While
such a scheme is quite satisfactory for lower voltages,
especially for car equipments, it is generally considered to
be better practice so to arrange the motor circuits of high-
voltage equipment as to effect all changes possible by
means of unit switches. All changes in voltage combina-
tions can then be readily made by simply changing the
control circuits.

The use of unit switches exclusively for making
combinations in the main motor circuits is sometimes
carried to the extent of using them for reversers as well,
especially for large locomotives. This has the advantage
of maximum reliability and the smallest number of types
of apparatus for the equipment.

The diagrams which have been shown are for the plain
series motors operating only as a motor without field
control and without regeneration. The use of field control
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FIG. 7.—Diagram of connections of equipment for full-speed operation on three voltages, such as 600, 1,200, and 2,400.

FIG. S.—Diagram of connections of equipment for full-speed operation on 2,400 and 1,200 volts, and half speed on 600 volts.
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usually involves the use of two additional switches for each
motor where switches are used, unless two motors are
connected permanently in series, when they can be con-
trolled by the same number of switches as a single motor.
Thus a 2-motor equipment on 600 volts can have the
control equipments arranged for field control by the
addition of two switches per motor, or a total of four
switches for the equipment. A 4-motor equipment
arranged for use with two motors connected permanently
in series can also obtain the advantages of field control by
a total of four switches ; but if the four motors are ever to
be operated in full parallel, eight switches will be neces-
sary. Where eight motors are to be operated with field

FIG. 9.—High-voltage equipment arranged for full-speed
operation on one voltage.

control and arranged for full-speed operation on three
voltages such as 600, 1,200, and 2,400, 16 switches will be
required for a single step.

Much the same conditions prevail where the equipments
are arranged for regenerative control. Where the motors
are to be operated to give regeneration when connected all
in parallel, it will be necessary to have a regulating
apparatus for each motor, and consequently the additional
control apparatus will be very considerable, requiring so
much in fact as to make the regenerative control of very
doubtful value.

It must be understood that each additional switch means
additional wiring for the equipment, both for the main

motor circuits and for the operating circuits for the
control. It is not assumed that the number of switches
which have been given in the preceding diagrams is the
exact number that will be required for any given case.
They are simply typical and comparative diagrams.
Undoubtedly many simplifications will suggest themselves
to experts in control diagrams. In any case, however, the
control circuits are apt to become very complicated where
much change-over apparatus is required, and an increased
number of train-line wires between the cars will be neces-
sary for multiple-unit operation. It may be better
imagined than described what the complication of an
equipment would be to meet the requirements of three

To trolley

FIG. ip.—High-voltage equipment arranged for full-speed
operation on one voltage, shunt control.

operating voltages and three forms of current collector.
One of the worst examples of this sort of complication was
found on the original Washington, Baltimore, and Annapolis
equipments which were installed some years ago. The
equipment was in the first place to be operated from a
6,600-volt single-phase trolley using a wheel trolley for
collecting the current. It was also required to operate over
a 600-volt continuous-current line ; first, with single over-'
head trolley and earth return ; second, with two overhead
trolleys on a metallic circuit; third, on the underground
conduit system. A more complicated equipment could
not well be imagined and it is not to be wondered at that
it was soon changed for an equipment operating at full
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speed on 1,200 volts (continuous-current) instead of
6,600 volts (alternating current), and at half speed on the
various 600-volt trolley systems. In this way all complica-
tions except those incident to the change in the collectors
were avoided.

That it is perfectly practicable to operate complicated
control systems satisfactorily and reliably is shown by
such examples as that of the New York, New Haven, and
Hartford alternating - current-continuous - current loco-
motives which operate both from a 11,000-volt single-phase
trolley and from the under-running 600-volt continuous-
current third-rail of the New York Central system. The
author has seen many equipments operating on both
alternating and continuous current and has no desire to
see that method of operation extended, but the control
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FIG. 11.—Diagram of main circuits for standard H L car
equipment at 600 and 1,200 volts.

complications introduced by such an equipment are small
compared with what would be involved in operating on
three or four continuous-current voltages with full speed
on three of them and with several different forms of
contact devices. There is no doubt that the equipments
can be arranged for successful operation in this way, but
the additional first cost and the cost of maintenance would
be so great as to be a serious handicap to electrical opera-
tion. It would be almost impossible in any case to operate
equipments from all the different lines in the same
multiple-unit train, since the difficulty of having the control
interchangeable would be insurmountable. The simplest
multiple-unit equipments require from 7 to 12 conductors
in the train-line cable, and in view of the fact that it is
becoming usual to have the train-line wires not only for

operating the switches governing the main circuits, but for
controlling trolleys or contact shoes, lights, air com-
pressors, signals, etc., the number of train-line wires even
for a single operating voltage sometimes exceeds 20. Two
or three operating voltages would therefore multiply the
number of train-line multicore cables so that possibly two
or three would be necessary to effect satisfactory opera-
tion, and these would have to be the same on all equip-
ments if the cars were to operate interchangeably in the
same train.

(4) AUXILIARY POWER EQUIPMENT.

Every electrical equipment has several auxiliaries which
are usually supplied with power from the main supply
circuit. On 600 volts the air-compressor motor, blower
motor, if any, and lights are all supplied directly from the
line. The power for the control circuit is also usually
supplied from the line when electromagnetic contactors
are used, but where the electro-pneumatic control system
is used, the power for the control circuits may be supplied
either from the main circuit or from a small storage
battery. As the power for operating'the magnet valves
is so small and the advantages of a low-voltage train-line
are so numerous, it is becoming more and more the prac-
tice to use a battery, especially on train service on elevated
and subway lines where the battery performs the addi-
tional function of supplying power for emergency lights
and signals.

The problem of supplying the power for auxiliary cir-
cuits on equipments receiving power at several different
voltages is one of the most troublesome features to be
considered. It is not particularly difficult where only two
voltages are encountered, such as 600 and 1,200, which are
very common in the United States. It has been common
practice in such cases to use a dynamotor on the higher
voltage to reduce the line voltage to half its value for the
auxiliaries. Double-commutator auxiliary motors are some-
times used connected in series or parallel according as the
line voltage is 1,200 or 600. In this case the control and
lighting currents are taken from the low-voltage circuit.
Single-commutator auxiliary motors are also sometimes
used and run at half speed on 600 volts.

Any scheme involving operation over a wide range of
voltage will necessarily complicate the equipment if it
becomes necessary to operate continuously over any one
of several line voltages. For the higher voltages it may
be that the use of a storage battery, such as that provided
on the 5,000-volt car equipment previously referred to,
may prove to be the most satisfactory means. On this
equipment a small-capacity storage battery to which all
the auxiliaries are connected is included in the driving-
motor circuit on the earthed side. The battery has
capacity to operate the compressor, motor, lights, and
control circuit for a limited length of time, but ordinarily
these auxiliaries take most of their current from the main
motor circuit. The compressor governors are so arranged
as to delay the starting of the compressor motor until the
car starts, instead of coming into operation immediately on
the application of brakes, as is usual. The compressor and
other auxiliaries thus simply shunt whatever portion of
the main motor current is required, or all of it if necessary,
and the battery receives or supplies the balance. The
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compressor can be so arranged that it will receive prob-
ably at least 90 per cent of its operating current directly
from the main circuit without the current passing through
the battery, which thus floats on the line and merely
controls the voltage. The battery necessary for the car
equipment is thus of comparatively small capacity. This
system has the advantage of always maintaining prac-
tically the same voltage for the auxiliaries regardless of
the voltage on the line. To avoid overcharging the
battery on the low line voltages, the battery may be
connected in series with a smaller number of motors.
This is easily accomplished as there are several earth
connections.

For locomotive use where the auxiliaries require con-
siderably greater power it is quite feasible to use a motor-
generator to supply power to the auxiliaries. The motor
should be series wound so as to secure the greater stability
due to that type of winding. In this case for supplying
power from, three voltages, such as 2,400, 1,200, and 600,
two motors each wound for 1,200 volts could be used to
drive a 600-volt generator, and be connected in series or
parallel according as the line voltage was 2,400 or 12,000.
When operating on 600 volts the motor-generator set
would not be needed unless it were driving a blower,
in which case the 600-volt generator could be used as a
motor taking power from the line. Thus even in this case
the problem has several solutions, any of which is per-
fectly practicable but more or less undesirable on account
of the complications introduced. The great objection to
this as well as in the remainder of the equipment to
operating on several voltages, is the multiplicity of
switches, change-overs, and main and control wiring and
other details involved. It soon gets to the point where
the ordinary car inspector cannot handle it.

CONCLUSION.

The logic of this paper points to the necessity for the
early standardization of some of the more important
features connected with electrification. The benefits of
standardization would be immediately felt not only in the
greater security of the railways in embarking on a project
of electrification but in the decreased cost of all apparatus
connected with it. If manufacturers could combine their
efforts to the development of apparatus for one or two
voltages rather than spreading them thinly over such a
broad field, and could build enough apparatus of one type
to put it on a manufacturing basis, the cost would be
greatly reduced, the railways could save a large percent-
age of the present cost, and the manufacturer could also
make a profit.

In a State with an autocratic government such matters
could be decided by one man. In one with absolute indi-
vidual freedom of action, every railway might have its own
set of standards. Neither would be a satisfactory method to
pursue, but of the two, the former would probably give the
better results, since there would be at least interchange-
ability and the manufacturer of only one type of apparatus,
even though it were not the best, would soon reduce the
cost far beyond what would be possible under the other
regime.

A better plan than either would be to secure the fullest
co-operation of all concerned, carefully canvass the entire

subject, and make definite recommendations for standards.
The initiative in such an important matter should be taken
by the Institution, which numbers among its members all
those who are necessary to decide such questions on their
engineering merits. Its own prestige will go far towards
making its recommendations into laws, but it would be
well to secure the co-operation of all other organizations
that are interested. Any committee in charge of this
matter should include on its membership representatives
of railway and manufacturing companies and consulting
engineers. All must approach the subject with an open
mind so as to determine as nearly as possible what will be
the best for all, and their decision should be accepted
as final. The author does not wish to be misunderstood
as advocating that everything connected with electrifica-
tion should be standardized either immediately or in the
near future, but he feels that such things as the location of
the contact rail for third-rail systems, and of a contact line
for overhead systems, could be discussed and settled
within a short time ; also that the question of voltage
can be considered and decided before any further railways
are electrified or extensions made to existing continuous-
current systems. The former is more especially a
question for the railways themselves to decide and is
simply a matter of the railway men " getting together" ;
but the latter is one for all engineers interested in electric
railways, and although it is somewhat beyond the scope
of this paper, the author will venture a suggestion con-
cerning it.

Since the 600-volt system is so thoroughly established
and also so well suited to the requirements of terminal
electrification, it should be continued as one of the stan-
dards, at least for the present. While it is probable that
but little will be done towards electrification of entire
railway systems in the next few years, one other voltage
should be selected that will be suitable for such service
and will at least serve to direct the aim of those com-
panies about to electrify. This voltage should be high
enough to permit the heaviest drafts of power required to
be collected from the overhead conductor without exceed-
ing the capacity of a single wire or a single collector. It
should be high enough to reduce the amount of copper in
the feeder system to the lowest value consistent with
reliable distribution. If motor-generator or rotary-con-
verter sub-stations are used, the number should be reduced
as far as possible so as to secure a good load factor and
thus decrease the cost and improve the efficiency. In
this connection it may be noted that if the vapour con-
verter proves to be a commercial apparatus for such work,
sub-stations may be placed economically at more frequent
intervals. The determining factor in the entire question
will of course be the cost, not only of the original installa-
tion but the cost of operation and maintenance. This will
depend very largely on the electrical equipment of the
locomotives and cars. It is obvious that the voltage will
also depend on whether the equipments would be obliged
to operate at full speed on 600 volts. If they are, it is
practically useless to think of anything higher than 2,400
volts. This may possibly be high enough for the maximum
trains in Great Britain, although it is not considered high
enough in the United States, as is proved by the fact that
the Chicago, Milwaukee, and St. Paul Railroad has adopted
3,000 volts for its extensive system after a short experi-
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ence with 2,400 volts on the Butte, Anaconda, and Pacific
Railway. In this case the service is so heavy, although by
no means the maximum that will be required in America,
that it is still necessary to use two trolley wires and a
large amount of feeder copper. The author believes that
a still higher voltage should be adopted if continuous
current is to be used for trunk-line service with such
heavy trains.

It is generally conceded that 1,500 volts is about the
maximum voltage that can be economically used on the
4-pole railway motor. Even with that it is difficult to find
space for the necessary number of commutator bars and
brush holders, especially for small motors. It would there-
fore be necessary to connect more than two 4-pole motors
permanently in series for operation with more than 3,000
volts. The type of motor used for the 5,000-volt equip-
ment that has been mentioned previously, offers a solution

FIG. 12.- 2,400-volt double-armature motor.

of the problem which makes a very considerable increase
in line voltage appear not only possible but easy in so far
as commutation and commutation bars are concerned.
This equipment has been described in several of the
American technical journals, but a brief description of the
motor may not be out of place here as the construction is
quite novel and has many advantages for high voltages.

Fig. 12 shows a diagrammatic arrangement of the arma-
tures, poles, and magnetic circuit. It will be noted that
there are two bi-polar armatures connected in series in
each frame, and that the major part of the magnetic flux
passes through the two armatures, their pole-pieces, and a
short section of the yoke in series, which thus effects a
great reduction in the weight of the material that would
otherwise be necessary to secure the advantage of the
bi-polar armatures. Each armature is wound for 1,250
volts, so that half of the line voltage is impressed on

each complete motor, as is usual with high-voltage equip-
ments. So far as the commutators are concerned there
appears to be no reason why considerably higher voltages
should not be used if desirable. In fact the first two
motors of this type were tested with 7,000 volts on the
line, i.e. 3,500 volts on each motor, with very satisfactory
commutation. The limit to the voltage will therefore be
found elsewhere than in commutation. The question of
insulating motor and control for such high voltages would
also appear to be less serious than might have been ex-
pected. The sample equipment of four 100-h.p. motors
has, up to the time of writing this paper, run over 15,000
miles in commercial service without a single defect in the
high-voltage insulation, and the operation of the equip-
ment has been highly satisfactory in every respect. It
requires very little attention, as is evidenced by the fact
that at one time it remained in service without inspection
for QJ consecutive days of 19J hours each. At the end of
that time it was withdrawn from service for reasons
entirely apart from the equipment or power supply.

While this development has thus far not been carried
far enough to prove the entire success of the 5,ooo-volt
continuous-current system, it at least offers to those who
desire a high continuous-current voltage good ground for
hoping for the realization of their wishes.

The author suggests that if possible the " through"
lines should be differentiated from the purely suburban
lines, and that the best voltage for the former should be
adopted regardless of the latter ; that an overhead contact
wire in addition to the 600-volt third rail be placed over
each track that requires full-speed operation for both
equipments. While such a scheme has its disadvantages,
they are negligible compared with the complication of
equipments necessitated by the interchangeable operation
on several different voltages.

APPENDIX.

EXPLANATION OK SYMBOLS, ETC., USED IN FIGS. 7, 8, 9,
;o, AND 11.

LS
S

SF
F

GF

o
R
P

PF
G
J

Double-break switch.
Line switch between collector and motor.
Armature series connection switch.
Field series connection switch.
Field switch.
Field earthing switch.
Armature.
Commutating pole.
Single-break switch.
Resistance short-circuiting switch.
Armature paralleling switch.
Field paralleling switch.
Earthing switch.
Bridging control switch.
Field winding.
Reverser.


